S LEEP-DISORDERED BREATHING, A disorder characterized by recurrent arousals from sleep and intermittent hypoxemia, is common among older adults and affects up to 60% of elderly populations. 1 A number of adverse health outcomes including hypertension, cardiovascular disease, and diabetes have been associated with sleep-disordered breathing. [2] [3] [4] [5] Cognitive impairment also has been linked to sleep-disordered breathing, but the majority of studies have been crosssectional or have relied on nonobjective measures of sleep-disordered breathing, thus limiting the ability to draw conclusions on the directionality of the association. [6] [7] [8] It remains unclear whether sleep-disordered breathing precedes cognitive impairment in communitydwelling elderly individuals.
Given the high prevalence and significant morbidity associated with both sleep-disordered breathing and cognitive impairment in older populations, establishing whether a prospective association exists between sleep-disordered breathing and cognition is important. This is especially important because ef- fective treatments for sleep-disordered breathing exist. 9 Furthermore, investigation of the mechanisms through which these conditions are related can provide clues for the refinement and development of treatment and prevention strategies. Each of the 2 chief characteristics of sleep-disordered breathingsleep fragmentation and hypoxiahave possible negative effects on cognitive function, yet neither has been carefully investigated in large longitudinal studies.
We prospectively examined the association between prevalent sleepdisordered breathing measured objectively with polysomnography and subsequent diagnoses of mild cognitive impairment and dementia to look for evidence that sleep-disordered breathing precedes cognitive impairment and assess possible mechanisms (hypoxia, sleep fragmentation, or sleep duration) to explain this association.
METHODS

Study Population
We studied participants enrolled in the Study of Osteoporotic Fractures, a multisite cohort study of communitydwelling women. 10 Women who were aged 65 years or older and able to walk unassisted were recruited from population-based listings in 4 US areas: Baltimore County, Maryland; Minneapolis, Minnesota; Portland, Oregon; and the Monongahela Valley, near Pittsburgh, Pennsylvania. A total of 9704 mostly white women were enrolled between September 1986 and October 1988 and 662 black women were enrolled between February 1997 and February 1998 (FIGURE). At each site, the institutional review boards approved the study and written informed consent was obtained from the participants.
At women who did not attend the ninth clinic visit, 70 had died and 9 were previously terminated from the study. Seventy-seven women were excluded because they completed a minimal assessment visit (frequently collected by telephone). Of the 305 women who had a cognitive evaluation, 4 had missing or indeterminate cognitive data and were excluded and 3 women who screened positive for cognitive impairment (physician's diagnosis of Alzheimer disease reported or low cognitive test score) also were excluded. Our analytic cohort comprised the 298 women with complete polysomnography data and cognitive assessment.
Polysomnography
Polysomnography data were collected in participants' homes using the Compumedics Siesta Unit (Abbotsville, Australia). Channels included 2 central electroencephalograms, bilateral electrooculogram, chin electromyogram, thoracic and abdominal respiratory effort, airflow (using nasal-oral thermocouple and nasal pressure recording), finger pulse oximetry, electrocardiogram, body position, and bilateral piezoelectric sensors to detect leg movements. Data were evaluated by trained technicians and sleep stage was assessed in 30-second epochs according to standard criteria.
11 Apneas (complete cessation of airflow) and hypopneas (discernible [Ͼ30%] reduction in airflow) were defined if occurring for 10 seconds or longer and accompanied by a 3% or greater oxygen desaturation. Arousals from sleep were defined as an abrupt shift in electroencephalogram frequency of 3 seconds or longer; arousals during rapid eye movement sleep required an increase in chin electromyogram activity.
Sleep-disordered breathing was measured by the apnea-hypopnea index (number of apnea plus hypopnea events per hour of sleep) and prevalent sleepdisordered breathing coded as an apneahypopnea index of 15 or more events per hour. 12 Calculated variables used as indices of hypoxia included the oxygen desaturation index (defined as number of oxygen desaturations Ն3% per hour of sleep and coded as Ն15 or Ͻ15 events per hour 12 ); the percentage of sleep time with oxygen saturation (oxygen saturation Ͻ90% coded as Ն1% of sleep time or Ͻ1% sleep time with oxygen saturation Ͻ90%); and the percentage of sleep time in apnea or hypopnea (Ͼ3% of oxygen desaturation coded into tertiles). Calculated variables of sleep fragmentation included arousal index defined as number of arousals per hour of sleep and minutes of wake after sleep onset (both coded into tertiles). Sleep duration was measured as the total sleep time coded into tertiles.
Cognitive Assessment
The shortened Mini-Mental State Examination 13 (a test of global cognition) and a modified version of Trails B 14 (a test of executive function) were administered at all clinic visits including at baseline (ie, eighth clinic visit). At the follow-up visit (approximately 5 years later), an expanded neuropsychological test battery was administered to women participating in the Sleep and Cognition ancillary study. This battery included Trails B, the modified Mini-Mental State Examination 15 (a 100-point extended version of the Mini-Mental State Examination that has superior accuracy for dementia screening 16 ), the California Verbal Learning Test (second edition short form), 17 Digit Span (from the Wechsler Adult Intelligence Scale-Revised), 18 and category and verbal fluency tests. 19 Cognitive impairment was determined in a 2-step process. 20 First, women were screened for 1 or more of the following criteria: (1) score of less than 88 on the modified Mini-Mental State Examination; (2) score of less than 4 (delayed recall) on the California Verbal Learning Test; (3) 22 Mild cognitive impairment was diagnosed using the modified criteria by Petersen et al 23, 24 (data on subjective memory loss was available for some but not all women), which requires cognitive impairment that is insufficient to meet criteria for dementia and reflects generally intact function.
Other Measures
Participants completed a questionnaire assessment of medical history and underwent a brief physical examination at each study visit. Information on age, race, height and weight, educational attainment, self-reported current smoking, self-reported history of a physician's diagnosis of diabetes mellitus, hypertension, and stroke were included in the analyses as potential confounders. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. A score of 6 or greater on the Geriatric Depression Scale was used to define high depressive symptoms. Current use of medication was verified by examination of pill bottles; medications were categorized using a computerized coding dictionary according to brand or generic names. 25 Drug categories included antidepressants, benzodiazepines, and nonbenzodiazepine anxiolytics.
Statistical Analysis
We first determined median polysomnography parameters. To compare baseline characteristics of women with sleepdisordered breathing with those without sleep-disordered breathing, we used 2 and t tests. We then calculated unadjusted and multivariate logistic regression models to examine the association between sleep-disordered breathing and mild cognitive impairment or dementia. Multivariate models were adjusted for age, race, BMI, education level, smoking status, presence of diabetes, presence of hypertension, antidepressant use, benzodiazepine use, and use of nonbenzodiazepine anxiolytics; additional models were adjusted for cognitive test scores at baseline. Next, we examined models with individual measures of hypoxia and disordered breathing, sleep fragmentation, or sleep duration as predictors of cognitive impairment.
Results are presented as odds ratios (ORs) with 95% confidence intervals (CIs). A P value of less than .05 was considered significant and 2-sided tests were used. All statistical analyses were performed using SAS software version 9.1 (SAS Institute Inc, Cary, North Carolina).
RESULTS
Of the 298 women studied, most were white (n=269; 90.3%), had a mean age of 82.3 years, and 30.2% graduated from high school and attended college. Compared with the other women who attended the ninth clinic visit but did not participate in our substudy (n =1430), the 298 women who participated were younger, had slightly greater BMIs, and slightly better cognitive scores at the eighth clinic visit (mean age: 82. 
COMMENT
Among older women, sleep-disordered breathing was associated with an increased risk of developing cognitive impairment 5 years later. In addition, even after adjusting for demographic risk factors and comorbidities, we found that 2 of 3 indices of hypoxia but not sleep fragmentation or sleep duration were associated with incident mild cognitive impairment or dementia, suggesting that hypoxia is a likely mechanism through which sleep-disordered breathing increases risk for cognitive impairment.
Prior cross-sectional studies of sleepdisordered breathing and cognitive function in elderly populations have reported conflicting results; some inves- 
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tigations have reported associations of sleep-disordered breathing with either lower cognitive test scores or dementia 6-8 while others have not. 26, 27 Such divergent findings could be due to differences in the measurement and definition of sleep-disordered breathing or of cognitive impairment. These earlier cross-sectional studies are also limited in establishing the causal pathway of this association. Our investigation is the first, to our knowledge, to report on the longitudinal relationship between sleep-disordered breathing and risk of mild cognitive impairment or dementia.
We explored possible mechanisms (hypoxia and sleep fragmentation or duration) through which sleepdisordered breathing might increase the risk for cognitive impairment. Sleep itself plays a critical role in the consolidation of long-term memory, which occurs during slow-wave sleep. 28 While experimental studies have reported inconsistent effects of sleep fragmentation and hypoxia on deficits in neurocognitive performance, 29-33 the literature does not extend to the long-term effects of sleep on cognition.
In our study, none of the sleep fragmentation or duration measures had a significant association with cognitive impairment after accounting for potential confounders, while the hypoxia measures were consistently associated with mild cognitive impairment or dementia. This suggests that hypoxia is a likely mechanism for this relationship, which is supported by recent animal models of chronic hypoxia that demonstrated similar impairments in cognition with possible implications for apolipoprotein E, inflammatory, and regulatory pathways. 34 However, it is important to note that because cerebral blood flow may be affected in elderly patients, 35 other mechanisms such as hypercapnia could also be involved.
In patients with Alzheimer disease, therapeutic trials of treatment with CPAP for sleep-disordered breathing have been shown to slow or even improve cognitive impairment. 36, 37 Furthermore, a recent investigation of individuals with sleep apnea indicated that treatment with CPAP not only improved cognitive scores, but also increased gray matter volume in the hippocampal and frontal regions. 38 To fully evaluate the impact of treatment for sleep-disordered breathing in elderly populations, additional trials with larger sample sizes, longer treatment periods, and more diverse populations are required. Of interest, our findings suggest a potential role for supplemental oxygen therapy for sleepdisordered breathing in elderly individuals; however, its role requires critical evaluation in intervention studies.
In addition, future studies should consider the association of sleepdisordered breathing with impairment in specific cognitive domains as well as changes in these variables over time.
Both the oxygen desaturation index and percentage time in apnea or hypopnea were associated with incident cognitive impairment. The oxygen desaturation index is a measurement of intermittent hypoxemia while the time in apnea or hypopnea estimates the proportion of the sleep period during which the respiration consists of apneas and hypopneas. Unlike the apneahypopnea index, which is simply a count of apneas plus hypopneas per hour of sleep (can be elevated when breathing disturbances occur frequently but are of brief duration), the percentage of time in apnea or hypopnea reflects both the frequency and duration of breathing disturbances and thus may better reflect sleep-related gas exchange abnormalities than the apneahypopnea index.
Percentage of time in oxyhemoglobin desaturation, as measured by sleep time with oxygen saturation of less than 90% in our study, is another measure of sleep-related hypoxemia and was not significantly associated with mild cognitive impairment or dementia; however, it may not reflect the effects of intermittent hypoxemia as well as the other 2 indices of hypoxemia. Studies suggest intermittent hypoxia, rather than continuous hypoxia, is associated with greater risk of oxidative stress and adverse outcomes. 39, 40 Although our prospective design with objective measures of sleepdisordered breathing and rigorous methods to diagnose cognitive impairment supports the hypothesis that sleep-disordered breathing precedes dementia, there are several limitations that warrant consideration. While measurement of polysomnography data in a sleep laboratory over multiple nights is the criterion standard, several studies indicate that polysomnography measures in the home vs in the laboratory and measures taken during 1 night vs multiple nights are reliable, although misclassification bias is possible. [41] [42] [43] In this study, polysomnography data was collected in the home for only 1 night so variability in sleep disturbance measures over time may not have been captured.
Because the Study of Osteoporotic Fractures cohort is composed of mostly white women, these findings may not be generalizable to men or more ethnically diverse populations. Finally, because women with more severe sleepdisordered breathing or cognitive impairment were less likely to survive to the eighth and ninth decades of life, there may be a survival bias in our results, but this would most likely result in an underestimate of the association.
CONCLUSIONS
We found that among women with a mean age of 82 years, sleep-disordered breathing was associated with an increased risk of cognitive impairment. Our results indicate that this relationship seems to be related primarily to measures of hypoxia. Given the high prevalence of both sleepdisordered breathing and cognitive impairment among older adults, the possibility of an association between the 2 conditions, even a modest one, has the potential for a large public health impact. Furthermore, the finding that hypoxia and not sleep fragmentation or duration seems to be associated with risk of mild cognitive impairment or dementia provides clues to the mechanisms through which sleep-disordered breathing might promote cognitive impairment. The increased risk for cognitive impairment associated with sleep-disordered breathing opens a new avenue for additional research on the risk for development of mild cognitive impairment or dementia and exploration of preventive strategies that target sleep quality including sleep-disordered breathing.
